We investigate the phenomenology of an orbifold string model in which supersymmetry breaking is dominated by the overall 'size' modulus field and all matter fields are in the untwisted sector. The possibly close degeneracy of the lightest neutralino and chargino and the possibly small splitting between the gluino and chargino/LSP mass imply that discovery of supersymmetry at future colliders could be more challenging than anticipated. Specialized search strategies and particular detector features could play an important role. For preferred model parameter choices, the phenomenology of dark matter in the universe is significantly modified.
Introduction
In the conventional approach to supersymmetry breaking, a more or less standard set of boundary conditions at the GUT scale, M U , has been most thoroughly studied. These are: a universal gaugino mass, m 1/2 ; a common scalar mass m 0 ; and a universal value for the soft A parameters. The effects of non-degeneracy among the scalar masses have recently been explored in many papers [1] . No systematic study of models with non-universal gaugino masses has appeared. In this paper, we explore one such model, motivated by the string theory picture, in which supersymmetry breaking is dominated by the overall 'size' modulus field, as described in Ref. [2] . Models with multiple modulus fields are considered in Ref. [3] . In this latter paper, it is found that if tachyonic masses that could cause charge and color breaking are not allowed, then the soft-SUSY-breaking boundary conditions cannot be such as to greatly distort results based on assuming that all the moduli fields participate in SUSY breaking equally, as is implicit when only the overall modulus field is employed. The boundary conditions that result when SUSY breaking is dominated by the overall size modulus field lead to an interesting and unusual SUSY phenomenology that differs substantially from that appropriate to universal boundary conditions in such diverse areas as cold dark matter in the universe and direct SUSY search strategies/difficulties.
In the context of string model scenarios in which all the moduli fields participate equally through an overall modulus field, non-universality among the gaugino masses at M U is not typical. This is because the only tree-level contributions to the gaugino masses are those originating from the dilaton field, and these are automatically universal. Non-universal contributions to the gaugino masses arise only at one-loop. Thus, significant non-universality is only possible when SUSY breaking is not dominated by the dilaton, but rather by the overall modulus field. An additional motivation for considering a model with modulus (as opposed to dilaton) dominated SUSY breaking is the fact that essentially the whole of dilatondominated parameter space is excluded by the requirement that the standard SUSY vacuum should be deeper than the charge and color breaking minima [4] .
In the notation of Ref. [2] , SUSY breaking becomes moduli-dominated in the sin θ → 0 limit, where θ is the goldstino angle and tan θ measures the relative amount of SUSY breaking due to the dilaton field, S, relative to the overall size modulus field, T . In the sin θ → 0 limit, the gaugino masses at M U arise entirely from one-loop threshold and Kahler potential corrections. The masses are both small and typically very non-universal.
Although it is possible to take sin θ → 0 in a general Calabi-Yau model, there is only one simple orbifold model in which sin θ can be taken to be sufficiently near zero to avoid dilaton dominance and the resulting approximate universality of gaugino masses. This is the model (called the O-II scenario) in which all matter fields have modular weight n = −1, i.e. lie in the untwisted sector. (If any n = −1, then sin 2 θ ≥ 1/2 is required in order to avoid a negative mass squared for some squark or slepton.) The sin θ → 0 limit of the O-II model is analogous to the effective large T limit of a Calabi-Yau model. We focus on the sin θ → 0 limit of the O-II orbifold model since it is only for orbifold models that the required oneloop Kahler potential and threshold corrections have been computed. Although, this model is only one of many theories that yield non-universal gaugino masses, its phenomenology will provide a number of very valuable lessons and comparisons to the phenomenology typical of models with universal boundary conditions.
In the O-II orbifold model, one obtains the following boundary conditions at the string scale, M S , in the limit of sin θ → 0: where we shall employ the one-loop numerical estimates of Ref. [2] , K = 4.6 × 10 −4
and K ′ ≡ 1/(24π 2 Y ) = 10 −3 . (The 0 subscript or superscript indicates the M Uscale value.) In the above, δ GS is the Green-Schwarz mixing parameter, which preferably lies in the range 0 to −5. In the specific O-II model considered, δ GS would be a negative integer, with δ GS = −4, −5 preferred. In Eq. (1), η = ±1, corresponding to sin θ → 0 with cos θ = ±1 (i.e. θ → 0, π).
In Ref. [2] , two sources for the B parameter were considered, labelled by B Z and B µ . Here, Bµ is the coefficient of the H 1 H 2 mixing term in the scalar Higgs sector potential. (We employ the conventions for B and µ of Ref. [6] .) The source of B Z is the Giudice-Masiero mechanism [5] . It was stated that only B µ could be present in orbifold models. More recently [3] , it was realized that B Z could also be present, and, as well, a third type of B contribution, B λ , was discussed. In general, there could be a mixture of all three. Here, we focus on just B Z and B µ . A somewhat uncertain (in the sense that many additional approximations are made beyond those required for Eq. (1) prediction for B µ in the O-II model is:
If one were to adopt this prediction for B, then the value of B would be extremely large for η = +1, and only η = −1 can possibly be phenomenologically relevant. For this choice,
and B 0 would typically be much smaller than m 0 for the value of K ′ we employ. The result for B 0 Z is very different:
which corresponds to tan β = 1 at M U . Because of the large number of possibilities for B we shall leave B 0 as a free parameter; it turns out to be closely related to tan β, where tan β = v 2 /v 1 is the ratio of the vacuum expectation values of the neutral components of the Higgs doublet fields responsible for giving mass to the up-and down-types quarks, respectively. We find that tan β (at m Z ) near 1 is required for pure B Z and that very large tan β is needed for consistency with pure B µ .
If the model prediction for the B parameter is ignored, the sign of η becomes physically irrelevant since the overall sign of the GUT scale gaugino masses in Eq. (1) can be rotated away (since A 0 = 0) by an appropriate overall phase choice for the gaugino fields. (However, the opposite sign of M 0 3 relative to M 0 1,2 for |δ GS | < 3 is physically relevant; it impacts the running of the A parameters and of B.)
We shall consider these boundary conditions within the context of the minimal supersymmetric model (MSSM) with exactly two Higgs doublets. This context is motivated by the fact that it is only for exactly two doublets (plus possible singlets) that the coupling constants unify without intermediate scale matter. However, it must be noted that the scale M U at which the coupling constants unify is substantially below the string scale, M S , at which the above boundary conditions naively apply. Thus, we shall be implicitly assuming that there is some effect, such as chiral fields in the spectrum between M U and M S , that compensates for this discrepancy.
Taking B 0 to be a free parameter in addition to m 0 and δ GS , we evolve down to scales below a TeV and fix the superpotential parameter µ (which appears in the µĤ 1Ĥ2 superpotential term) by requiring that electroweak symmetry breaking (EWSB) gives the correct value of m Z . The sign of µ remains undetermined. In practice, it is more convenient to trade the parameter B 0 for the parameter tan β. The top and bottom quark Yukawa couplings are constrained to yield the observed values of m t and m b , which we take to be m t (m t ) = 165 GeV and m b (m b ) = 4.25 GeV. We do not insist on b − τ Yukawa unification. The free parameters of the model are thus:
We will often consider a fixed value for m 0 and plot results as a function of tan β and/or δ GS . For fixed choices of m 0 , δ GS and sign(µ), B 0 can be viewed as a function of tan β and its value can be compared to the rough model predictions of Eqs. (3) and (4) . We shall return to this comparison shortly.
It is useful to summarize the behavior and magnitude of the M 0 i as a function of −δ GS . From Eq. (1) we find:
• For δ GS = −4, −5, as possibly preferred in the O-II model, m 0 ≫ |M
• If −δ GS is large (roughly −δ GS > ∼ 30 − 40), then the |M 0 i | become approximately universal, with
The first important point to note is that, unless δ GS is extremely large (−δ GS > ∼ 100) or very small (−δ GS < ∼ 0.001), the (tree-level) value of m 0 is very much larger than any of the |M 0 i |; this is basically due to the fact that K and K ′ are similar in size and have typically small one-loop magnitudes. Consequently, the squarks, sleptons and heavier Higgs bosons (H 0 , A 0 and H ± , with m H 0 ∼ m A 0 ∼ m H ± ) in this model will be much heavier than the gauginos. Further, the M 0 i themselves are very non-universal unless |δ GS | is large. In particular, for any moderate choice of δ GS , |M be physically disallowed by the requirement that the gluino cannot be the lightest supersymmetric particle. For δ GS = −4, −5 or thereabouts, |M 1 | ≫ |M 2 | ≫ |M 3 | at M U and the |M i | approach one another as one evolves down to m Z . This is illustrated in Fig. 1 . Fig. 2 illustrates the B 0 = B(M U ) and µ(m Z ) parameter values as a function of tan β for δ GS = −0.1 and −4.5. (Results for still larger |δ GS | are rather close to those plotted for δ GS = −4.5.) Both B and µ evolve rather slowly as a function of scale. Note that |µ(m Z )| is independent of the sign of µ, but that |B 0 | is not. The sign of B 0 is generally opposite that of µ for correct electroweak symmetry breaking. Except for µ > 0 and small |δ GS |, the B 0 required by EWSB (dashed lines) crosses the approximate model prediction of Eq. (3) (indicated by the dotted lines) at high tan β before tan β exceeds the tan β < ∼ 50 limit imposed by perturbativity for the Yukawa couplings. Clearly, the B µ prediction of the O-II model for B 0 is generally consistent with the requirements of EWSB only if tan β is large. From the plots of B 0 and |µ| in Fig. 2 , it is also apparent that pure B Z is only possible if tan β is We note that the existence of solutions with µ 2 > 0 (as required for correct electroweak symmetry breaking) at large tan β is rather sensitive to the value of m t (m t ). This is because the value of µ 2 required for EWSB drops rapidly (see Fig. 2 ) as tan β increases. For values of m t (m t ) < ∼ 160 GeV (i.e. not much lower than the 165 GeV value chosen here), µ 2 < 0 is required for correct EWSB at scale m Z if tan β is large. The results presented in this paper employ oneloop renormalization group equations; the full two-loop equations for the entire system of RGE equations are very difficult to implement. It is conceivable that µ 2 remaining positive out to large tan β for m t (m t ) = 165 GeV could be altered in the full two-loop implementation.
Typical results for the gaugino masses as a function of δ GS are illustrated in > m Z /2. As discussed later, this lower bound from LEP-I data continues to apply in the present model. We observe that for |δ GS | < 5 the χ 0 1 and χ + 1 are extremely degenerate. When this near degeneracy is present we will use the notation:
The degeneracy slowly eases as tan β increases. Fig. 4 displays the χ ± 1 -χ 0 1 mass splitting in more detail. In obtaining precise values for ∆mχ 1 it is important to include loop corrections, the only significant such corrections being from gaugeHiggs loops. We employed the results of Refs. [7, 8] . Fig. 4 shows that ∆mχ 1 can be as small as 150 MeV at small |δ GS |, if tan β = 2. For δ GS ∼ −5, ∆mχ 1 is < ∼ 1−2 GeV in all cases. Values of ∆mχ 1 > ∼ 10 GeV are only achieved for |δ GS | > 10 − 15, depending upon tan β and sign(µ). From Fig. 3 , we also observe that for values of δ GS in the vicinity of −3, the gluino becomes the lightest supersymmetric particle. Such values of δ GS are excluded by cosmological arguments which imply that the LSP cannot be colored. Note that the other gauginos also have their minimum masses in the vicinity of this disallowed region. As noted in Eqs. (6) and (7), as −δ GS → 0 or for large −δ GS the |M 0 i | increase away from their minimum values. Finally, we note that for very small |δ GS | the ratio m g /m χ ± 1 reaches values as high as 6 to 7, substantially above the value ∼ 3 typical of a model with universal |M
The near equality of m χ Additional perspective on masses is provided by Fig. 5 where we give contours for m g = 50 to 350 in steps of 50 GeV in δ GS -m 0 parameter space. The m g contours are independent of tan β and sign(µ). Also shown are the contours for m χ + 1 = 47 GeV and 90 GeV, for tan β = 2 and µ < 0. Parameter space points to the left of the 47 GeV contour are excluded by LEP-I data, implying that m g must lie above about 50 GeV. The gap region is that excluded by requiring that the g not be the LSP. Note that m g /m 0 is small when |δ GS | is not large. Thus, for example, if we assume that naturalness demands that m 0 lie below about 2 TeV, the maximum m g that can be achieved along the m g ∼ mχ 1 [see Eq. (8)] border is of order 150 GeV. Even in the extreme δ GS ∼ −10, m 0 = 2 TeV corner of the plot, m g ∼ 375 GeV. Large m g values can only be achieved by taking either very small or very large −δ GS , keeping m 0 fixed. Despite the generally small size of m g , we will see that g detection at a hadron collider is challenging along the m g ∼ mχ 1 boundary. As one moves away from the m g ∼ mχ 1 boundary, discovery of the g becomes easier, eventually approaching expectations for the canonical universal boundary condition scenarios.
The masses for all sleptons, heavy Higgs bosons, and squarks are of the order of m 0 . As seen in Figs. 3 and 5, unless |δ GS | is very large or very small, m 0 is much larger than the gaugino masses. Consequently, for the sin θ → 0 O-II model being considered it is likely that the gauginos will be the most abundantly produced SUSY particles, and they would probably provide the first observed SUSY signals. The next section is devoted to a discussion of the search strategies required, emphasizing the difficulties that arise in χ 
Phenomenology
In this section we discuss SUSY discovery strategies for the sin θ → 0 O-II model. Because of the special features of the mass spectrum, SUSY discovery can be substantially more difficult than in models where the gaugino masses are universal at M U . Universality at M U implies the hierarchy
at scale m Z . In this case, the χ 0 1 LSP is a bino and its mass, ∼ |M 1 |, is significantly lower than the masses of the χ ′ q pair with significant energy. The substantial energy carried by the decay products implies that production of the lightest chargino and of the gluino will be associated with both energetic jets/leptons and substantial missing energy, a combination that is generally easily separated from backgrounds at an e + e − or hadron collider operating at high enough energy and luminosity.
In the O-II model, SUSY detection need not be so straightforward. We have already noted that it is natural for ∆mχ 1 to be sufficiently small that the final state quarks or lepton from χ ± 1 decay to χ 0 1 are very soft and not easily observed. We will also find that the χ ± 1 's lifetime is not likely to be sufficiently long that it will appear as a stable particle track in the detector -short tracks in a vertex detector are, however, a distinct possibility. Less automatic, but also possible, is degeneracy of m g with mχ 1 ≡ m χ pair is tagged by detecting the hard γ. This latter was investigated in Ref. [10] , and will be reviewed shortly.
At a hadron collider, if m g is close to mχ 1 , the softness of the jets in g decay implies that the usual procedures for isolating gluino pair production at a hadron collider by tagging missing energy and jets may yield a rather weak signal. Further, if the ℓ from χ ± 1 decay is soft due to small ∆mχ 1 then: (a) the like-sign dilepton signature for g g production that derives from g g → χ
± E / T will be difficult to extract; and, (b) the tri-lepton signature for χ ± 1 χ 0 2 production will be hard to observe. Thus, it is clear that the O-II model leads to a situation where the techniques and prospects for detecting SUSY must be re-evaluated.
Lifetime and Branching Ratios of the χ + 1
From the above discussion, it is clear that important ingredients in the phenomenology of SUSY detection in the O-II model context are the branching ratios and lifetime of the χ + 1 . These have been computed using PCAC-style techniques as described in Appendix A. We find that both the branching ratios and the lifetime depend almost entirely upon the mass difference ∆mχ 1 
. Dependence upon tan β and µ is minimal. Results for the lifetime τ and for the important branching ratios of the χ + 1 are plotted in Fig. 6 . We observe that τ > ∼ 10 −10 s for ∆mχ 1 < ∼ 300 MeV, i.e. |δ GS | < ∼ 0.5 − 2 depending upon sign(µ) and tan β, (see Fig. 4 ). For τ ∼ 10 −10 s, the track of the χ + 1 would be visible in a vertex detector; for ∆mχ 1 < ∼ 150 MeV τ becomes so long that the χ ± 1 would appear as a charged 'stable' particle track.
For ∆mχ 1 < ∼ 500 MeV, χ
is the only kinematically allowed decay mode. As the mass difference increases, χ 
Constraints from LEP and LEP1.5
We note that the χ ± 1 cannot be lighter than m Z /2. We have explicitly checked that the Z → χ 
SUSY Discovery at e
Let us begin by considering the neutralino and chargino pair production cross sections. As the √ s of the machine increases, the first channels to open up will be those for the lighter eigenstates:
If |δ GS | is not too large, the χ 0 1 and χ 0 2 are primarily wino and bino, respectively, with weak couplings to the Z, and the latter neutralino pair cross sections are always much smaller than the χ + 1 χ − 1 cross section. 4 As √ s increases,
become kinematically allowed. When allowed, the latter gaugino-higgsino (lightheavy) neutralino pair cross sections are larger than the gaugino-gaugino (lightlight) neutralino pair cross sections due to the large higgsino components of the heavy neutralinos. At still higher √ s, typically above (below) 500 GeV if tan β is small (large), the
processes become possible. When allowed, the higgsino-higgsino (heavy-heavy) neutralino pair cross sections are comparable to chargino pair cross sections. As −δ GS increases in magnitude, the bino/wino content of the χ 0 1 and χ 0 2 becomes more mixed, but the general cross section expectations are not greatly altered since µ is always sufficiently large that it is the χ still allowed by current analyses if m g ∼ mχ 1 , as happens in two narrow bands within the gap region (see Fig. 3 ).
As anticipated, the χ
cross section is far and away the largest, but for −δ GS < 7 − 10 can be quite difficult to see by virtue of the softness of the χ ± 1 decay products. However, the χ 0 2 χ 0 1,2 cross section and the various gaugino-higgsino cross sections can be kinematically allowed and large enough to be observable. For all these latter processes the final state should contain some energetic leptons/jets in association with a large amount of missing energy and should be easily detected if the event rate is adequate. For the target yearly luminosity of L = 50 fb −1 at √ s = 500 GeV, one can probably be sensitive to a raw cross section as small as 10 −3 pb (yielding 50 events before cuts) in such final states. Fig. 7 shows that if −δ GS is not below ∼ 0.05, then at least one of these visible final states will have adequate cross section.
The first visible final states to become accessible as −δ GS increases are χ . The cross sections are of limited magnitude because they are only non-zero to the extent that there is some higgsino-gaugino mixing in the mass eigenstate compositions. As tan β increases, Fig. 2 shows that |µ| decreases substantially, implying that the higgsino states become lighter (see Fig. 3 ). This also implies greater gaugino-higgsino mixing. Thus, as seen in Fig. 8 , there is a tan β threshold in the tan β > ∼ 10 − 15 region where the total χ cross sections suddenly increase due to the fact that the higgsino states become light enough that they can also be pair produced at √ s = 500 GeV. Since the Z →higgsino+higgsino coupling is large, the higgsino pair cross sections are comparable to the chargino-pair cross section. Although the χ In Fig. 9 , we present contours of
in the tan β-δ GS parameter plane for a √ s = 500 GeV e + e − collider. Detection of at least one of the heavier neutralino or chargino states is important as a means for determining |µ| (from the fact that the states typically have mass ∼ |µ|), thereby allowing a check of the consistency of electroweak symmetry breaking. Figure 9 focuses on the −δ GS ≥ 5 domain. As previously noted, for increasing tan β the value of |µ| declines and the higgsino masses decrease. Thus, σ will first become non-zero when gaugino+higgsino production becomes possible, with a second very rapid increase as one crosses the higgsino+higgsino threshold. Fig. 9 shows that the gaugino+higgsino threshold lies at tan β ∼ 5 for m 0 = 1 TeV. For tan β > ∼ 5, σ > ∼ 1 fb (implying > ∼ 50 events) and detection of the heavy inos should be possible. As noted earlier, χ 0 3 , χ 0 4 will tend to decay to
Since the thresholds for the gaugino+higgsino final states are very steep, σ rises to 10 fb, implying 500 events, already by tan β ∼ 6 − 7. However, since σ is the sum over a number of modes, 500 events might still not be enough to make a precise determination of the masses of the χ and other model parameters to which the cross sections are sensitive. For this, σ ∼ 100 fb (5000 events divided up among the channels) might be required. This level of cross section is generally only achieved when higgsino+higgsino pair production is possible, which typically requires fairly large tan β. The σ = 100 fb contour in Fig. 9 is close to the higgsino+higgsino threshold. These same σ contours are displayed for small −δ GS in Fig. 10 . As for larger −δ GS , the σ = 1 fb contour is more or less defined by the onset of gaugino+higgsino production, and the σ = 100 fb contour by the higgsino+higgsino threshold. Note that at small −δ GS the masses of all the inos become large and ino pair production is not allowed for √ s = 500 GeV if m 0 = 1 TeV. However, if −δ GS is small then m 0 , which sets the scale for all masses in this model, can be lowered substantially before m χ ± 1 falls below the LEP limit of 47 GeV.
2.3.1 Using photon tagging to detect χ and √ s. Still, it is problematical that events with such soft leptons could be isolated from two-photon backgrounds and the like. In particular, for small ∆mχ 1 , the final states arising in e + e − → χ + 1 χ − 1 production and decay are similar (i.e. contain leptons and missing energy) to those appearing in γγ → τ + τ − production and decay. This latter background will be very large and difficult to overcome, even if the chargino pair events can be triggered on. There are ongoing analyzes by the LEP experimental groups of their sensitivity to χ + 1 χ − 1 production when ∆mχ 1 is small. Similar analyzes at NLC energies are also needed. There, the leptons are somewhat harder for given values of ∆mχ 1 and mχ 1 because of the higher energy, but the detector has a larger magnetic field (designed to curl up the soft leptons from beamstrahlung and related sources). Because of the detailed level of experimental simulation required to address these questions, we will not pursue detection of e + e − → χ + 1 χ − 1 production at small ∆mχ 1 further in this paper. In Ref. [10] we examined e + e − → γ χ accessible via this final state depends greatly upon whether the χ ± 1 decays are in any way visible. The ability to detect a track in the vertex detector and/or any χ + 1 decay product would greatly enhance the significance of the signal. This is because e + e − → γνν (via γZ * ) becomes a very large background if the χ ± 1 decay invisibly. Note that the threshold for experimental visibility of the χ ± 1 decays might be quite different for different decay modes. A good electromagnetic calorimeter might be able to detect the photons from π 0 decay in χ
is > ∼ 10% only for ∆mχ 1 > ∼ 700 MeV, reaching a peak at ∼ 1 GeV, well above the ρ resonance (since the phase space for χ and ∆mχ 1 fixed) it is not clear that this difficulty will be more severe at the NLC than at LEP, despite the previously mentioned higher magnetic field of the NLC detector.
In order to provide a more quantitative picture of the difficulty of seeing the soft leptons coming from the χ = 55 GeV. We see, for example, that to observe leptons in a significant fraction of the events when ∆mχ 1 ∼ 0.5 GeV, it is necessary to have good efficiency down to at least 0.7 GeV (2 GeV) at LEP-192 (NLC-500). These lepton spectra become still softer as m χ ± 1 increases keeping ∆mχ 1 fixed. For example, at NLC-500 the lepton spectra for m χ ± 1 = 175 GeV typically terminate at about 1/2 the maximum value found for m χ ± 1 = 55 GeV, keeping a fixed ∆mχ 1 value. It will be important for the experimental groups to study how well they can do and if there are any detector changes that might increase their sensitivity to soft leptons.
If the γνν background cannot be eliminated by tagging the soft decay products of the χ ± 1 , then we must consider the best strategy for isolating the γ χ
At the same time, we must be careful to avoid additional backgrounds, the most dangerous being that from e + e − → e + e − γ, where both the final e + and e − disappear down the beam hole.
In the study of Ref.
[10], we found a very effective procedure for eliminating the e + e − → e + e − γ background. We begin by requiring a photon tag with p γ T ≥ p γ min T = 10 GeV and 10
• ≤ θ γ ≤ 170
• , where θ γ is the angle of the photon with respect to the beam axis. This guarantees that the photon enters a typical detector and will have an accurately measured momentum. We define γ + E / T events by requiring that any other particle appearing in the 10
• to 170
• angular range must have energy less than E max , where E max is detector-dependent, but presumably no larger than a few GeV. Kinematics can be used to show that we can then
• . In fact, instrumentation and vetoing will be possible down to θ min = 0.72
• [12] For chargino masses above m Z /2, the key observation for reducing the background from γνν and determining the chargino mass is to note that the missing
1/2 can be very accurately reconstructed. 5 For signals with good overall statistical significance (in most cases N SD , defined below, > ∼ 5 is adequate) one can plot events as a function of m Z ⋆ and look for the threshold at 2mχ 1 at which the spectrum starts to exceed the expectations from γνν. This is illustrated for NLC-500 in Fig. 12, where final state, since then γνν production is no longer a background. The only background requiring discussion is that from e + e − → e + e − γℓ + ℓ − , with two leptons disappearing down the beam pipe. This is a potential background to final states in which both the χ + 1 and χ − 1 decay leptonically. However, it will be very small. First, it will be greatly suppressed (although not entirely eliminated) by using the vetoing procedure outlined above. Second, it is O(α 5 ) vs. O(α 3 ) for the signal. Third, the enhancement deriving from singular t-channel photon exchange is only operative and escapes the veto if the energetic 5 We are uncertain as to the extent to which beamstrahlung might impact our ability to compute the true Z ⋆ system mass. Since most beamstrahlung involves radiation of just one hard photon along the beam line, the m Z ⋆ computed as above would correspond to the invariant mass of the Z ⋆ + γ beamstrahlung system, which is larger than the mass of the Z ⋆ alone. The seriousness of this effect will depend on the machine parameters, as well as on the chargino mass. For heavier charginos the cut on m Z ⋆ becomes stronger, so contamination from background events with hard collinear photons becomes less likely. Machine parameters for which the beamstrahlung photon typically carries less than 10% of the beam energy should not greatly distort m Z ⋆ ; our ability to make the m Z ⋆ cut and measure the threshold onset of γ χ • ≤ θ γ ≤ 170
• . Results are for a chargino that is pure wino; slepton and sneutrino masses are assumed to be large.
− both disappear down the beam pipe, implying that the observed soft leptons (i.e. the ℓ + ℓ − pair) must be of the same type; the background due to this configuration could thus be eliminated by focusing on the soft e + µ − and µ + e − pairs that are just as probable as µ + µ − or e + e − pairs in χ
decays (assuming that we can distinguish a muon from an electron at low energy). Only ℓ + ℓ − = τ + τ − could yield eµ final states. Thus, we believe that backgrounds to γ χ In the absence of significant background, the observability of e + e − → γ χ
followed by detection of the soft decay products or short tracks of the χ + 1 χ − 1 depends entirely on event rate. The latter is simply given by the luminosity times the cross section plotted in Fig. 13 . Assuming 50 (background free) events are required, we could detect γ χ 
SUSY Discovery at Hadron Colliders
As noted earlier, detection of a signal from supersymmetric particle production at a hadron collider need not be straightforward in the O-II model scenario. Since the squarks and sleptons are necessarily very heavy in the O-II model (unless |δ GS | is very large), gluino-pair and electroweak-gaugino-pair production would appear to provide the greatest potential for SUSY discovery. While this is certainly the case at the Tevatron, gluino-squark and squark-squark pair production at the LHC would be possible. We will comment on these SUSY signals later. First, we focus on electroweak-gaugino-pair and gluino-pair production. The primary channel for detecting the former is normally the 3ℓ channel deriving from χ
1 decay is so soft that the 3ℓ signal is negligible. The two primary modes for detecting g g pair production are the jets + E / T channel and the like-sign dilepton, ℓ ± ℓ ± + jets + E / T signal. The like-sign dilepton signal (from g g → χ
will be negligible if ∆mχ 1 is small because of the softness of the leptons. To the extent that it is not observable, it will add to the jets + E / T signal (which is defined by events having no observable hard lepton).
Depending upon the model parameters, the jets + E / T signal for g g production may also be difficult to isolate from background. If −δ GS is such that m g ∼ mχ 1 , the jets from g decay are softer than for the universal boundary condition models which have m g ∼ 3m χ
. This is illustrated in Fig. 14 . There, the E T spectra for the most energetic three jets and for E / T as predicted for universal boundary conditions and in the δ ∼ 250 GeV mass differences as compared to m g − mχ 1 ∼ 76 GeV for the O-II model. Correspondingly, E / T is somewhat larger on average in the O-II model. In the following, we determine the portion of δ GS -m g parameter space (equivalently δ GS -m 0 parameter space, see Fig. 5 ) for which the jets + E / T signal will be visible at the Tevatron and Tev*.
The jets + E / T SUSY Signal
At the Tevatron or Tev*, we consider both D0 [13] and CDF [14] cuts. These are summarized below. Figure 14 : Spectra, dσ/dE T , versus E T for the three most energetic jets (labelled j 1 , j 2 , j 3 in order of decreasing E T ) and the missing energy. The spectra for the universal boundary condition model and the O-II model with δ GS = −5 are compared for m g = 300 GeV, tan β = 2 at the Tevatron. Jet-energy smearing effects are included.
6

D0 Cuts
• There are no isolated leptons with E T > 15 GeV, where isolation is defined by requiring that additional E T within ∆R ≤ 0.3 of the lepton be < 5 GeV.
• E / T > 75 GeV.
• There are n(jets) ≥ 3 jets having |η jet | < 3.5 and E T > 25 GeV, using a coalescence cone size of ∆R = 0.5. These are ordered according to decreasing E T and labelled by k = 1, 2, 3.
• The azimuthal separations of the k = 1, 2, 3 jets from the E / T vector, δφ k ≡ ∆φ(E / T , j k ), are required to satisfy 0.1 < δφ k < π − 0.1. It is further required that (δφ 1 − π) 2 + δφ 2 2 > 0.5.
CDF Cuts
• There are no leptons with E T > 10 GeV.
• E / T > 60 GeV.
• There are n(jets) ≥ 3 jets having |η jet | < 2 and E T > 15 GeV, using a coalescence cone size of ∆R = 0.5.
• Azimuthal separation requirements are the following: ∆φ(E / T , j 1 ) < 160 • ; and ∆φ(E / T , j(E T > 20 GeV)) > 30
• . These are designed, in particular, to reduce QCD jet mis-measurement.
We note that the lepton cut causes no signal loss when the χ Our procedure will be to compute the signal cross section, σ S , at the Tevatron as a function of δ GS and m g after imposing the two different sets of cuts listed above. For the background rates we take the D0 and CDF cross sections as computed in Refs. [13, 14] for the above cuts, respectively. For D0 cuts, the background cross section is taken from For a given luminosity, we compute the background and signal rates as S = Lσ S and B = Lσ B , respectively. Both the D0 and CDF background computations include full hadronic energy smearing and the like, so that some of the background rate may come from fake E / T . We also include the effects of hadronic energy smearing in the signal rate computation.
Before presenting an overall summary graph, it is useful to explicitly demonstrate the impact of the softness of the jets when near the m g ∼ mχ 1 boundary. In Fig. 15 the cross sections at the Tevatron, after imposing D0 cuts, are displayed in two cases:
• increasing m g by increasing m 0 while holding fixed δ GS = −4.2 (i.e. near the degeneracy boundary); and
• increasing m g by increasing −δ GS while holding fixed m 0 = 1 TeV (i.e. moving rapidly away from the degeneracy boundary).
The rapid decline of the cross section in the former case, as compared to the latter, is apparent. The Tevatron will not be able to detect g g production out to as large an m g along the degeneracy boundary as away from it.
In Fig. 16 we show the δ GS -m g parameter space regions for which the jets + E / T signal should have been observed or will be observable for various different integrated luminosities, when the D0 or CDF cuts outlined above are employed. Observability is defined by S/ √ B ≥ 5 and S/B ≥ 0.2, where S and B are the numbers of signal and background events, respectively, for a given luminosity. The S/B ≥ 0.2 requirement above is needed due to the rather featureless nature of the signal which makes it difficult to distinguish from the background using anything other than the integrated cross section level. It is the limiting factor in the maximum m g value that can be probed at high luminosity. The four different sets of symbols indicate the following.
• Pluses indicate parameter space points that can be excluded by analysis of roughly L = 8 pb −1 of data from Run-Ia. This is the amount of data for which D0 has published an analysis and claimed to see no signal.
• Diamonds (together with pluses) indicate parameter space points excluded for L = 19 pb −1 of Run-Ia data. This is the amount of data analyzed and . We have taken tan β = 2 and µ < 0.
published by CDF without observing a signal.
• Squares indicate additional points that will be excluded for accumulated luminosity of L = 100 pb −1 , i.e. if no signal is observed after the full RunIa+Run-Ib data is analyzed. Such analyzes should be available in the near future.
• Next come the points indicated by a small star-like symbol that can be excluded for L = 2 fb −1 , i.e. after one year of running at the projected Main Injector luminosity.
• For the points indicated by an ×, S/B < 0.2 and no amount of luminosity suffices. Systematics would have to be controlled at the < ∼ 10% level to access this region.
Three distinct regions of δ GS are apparent in Fig. 16 .
• When |δ GS | is large the upper limits on m g for which the signal can be detected become independent of δ GS and asymptote to those for which g g pair production could be observed in the universal boundary condition scenario for a given set of cuts (taking squarks to be much heavier than the g). This asymptote is reached already for −δ GS > ∼ 10 since for such values m g /m χ • When |δ GS | is small, the ratio m g /m χ ± 1 exceeds the value ∼ 3 typical of the universal boundary condition scenario, and even higher values of m g can be probed due to the increased energy of the jets from g decay, coupled with the fact that there is no loss of jets + E / T signal from the restriction against isolated leptons.
• For δ GS such that m g − m χ are small, the reach in m g is reduced, although perhaps less severely than naively anticipated. The reason for this latter is that even for small mass difference, it is still possible to get energetic jets from initial and final state radiation rather than from the g decay. For most events at least one of the three most energetic jets is radiative in nature when m g ∼ mχ 1 , whereas for the universal boundary condition scenario the most energetic jets are almost always from the g decays. Table 1 : Maximum m g values that can be probed using D0 and CDF cuts (see text) in the jets + E / T final state for different integrated luminosities, L, at the Tevatron and Tev* at δ GS = −10, δ GS = −1 and δ GS = −4.5. Observability is defined by S/ √ B ≥ 5 and S/B ≥ 0.2. Also given are the maximum m g values for which g g production can be observed in the (universal boundary condition) limit of very large |δ GS | using the stronger cuts of Ref. [15] . The results of this table are for tan β = 2 and µ < 0. In Table 1 we give the maximum m g values that can be probed in the jets+E / T channel, using the D0 or CDF jet cuts delineated earlier, at δ GS = −1, δ GS = −4.5 (near the m g ∼ m χ ± 1 boundary) and δ GS = −10. Notice that there is no gain in discovery reach in going from L = 2 fb −1 (typical of the main injector) to Tev* luminosity of L = 25 fb −1 . This is due to the fact that the maximum m g values that can be probed at L = 2 fb −1 are determined by S/B falling below the minimum value of 0.2. For both the D0 and CDF cuts B is relatively large. If systematic uncertainties in the predicted level of the jets + E / T signal due to theoretical and experimental uncertainties can be reduced below the ∼ 10% level, higher values of m g could be probed.
The most striking difference between the D0 and CDF cuts is the much greater sensitivity of the softer CDF cuts to parameter choices for which m g ∼ m χ
The reason for this striking difference is that the D0 cuts include a fairly stiff minimum E T = 25 GeV requirement for the 3rd jet. As shown in Fig. 14 , for scenarios with a small m g -mχ 1 mass splitting this will eliminate a substantial fraction of the signal events. Weakening this cut, as in the CDF procedure, increases the signal rate, and apparently does so without increasing the background rate (perhaps because stronger rapidity cuts are imposed on the jets in the CDF procedure). It will be important for the CDF and D0 collaborations to determine if there are still more optimal cuts for scenarios with small mass splitting. We note that the greater sensitivity of CDF cuts persists up to |δ GS | ∼ 10, even though m g − m χ ± 1 approaches values typical of universal boundary conditions. In contrast, the difference between D0 and CDF cuts disappears at small |δ GS | where m g − m χ ± 1 is even larger than predicted for universal boundary conditions.
It is important to note that the jet cuts employed here are no longer optimal in the universal boundary condition limit (roughly −δ GS > ∼ 10 − 20) when L > 2 fb
and m g is large. It is better to strengthen the cuts. This is due to the fact that stronger cuts will reduce the background rate B while leaving good efficiency for the signal if m g is large and there is substantial mass splitting between the g and the χ ± 1 and χ 0 1 . This leads to S/B > 0.2 at high m g . The stronger (more optimal) cuts employed at high L are discussed in Ref. [15] . For the jets + E / T channel they are:
• E / T > 40 GeV;
• n(jets) ≥ 2 jets having |η jet | < 3 and E T (jet) > 15 GeV;
• Transverse sphericity S T ≥ 0.2;
• ∆φ(E / T , j(E T > 15 GeV)) > 30
• ;
T optimized for given L, m g and other and parameter choices.
To give an example, the m g = 300 GeV detection limit in Table 1 for universal boundary conditions is attained using E c T = 100 GeV. It is also possible that the stronger cuts would allow us to probe to higher m g values at small |δ GS | than accessible using the weaker D0 and CDF jet cuts (see Fig. 16 ). This is because m g /m χ
is large and the jets would be energetic. However, we have not performed a detailed analysis.
The limitations on the m g discovery reach in the case of m g near mχ 1 are not quite as much of a concern as one might first suppose. This is because the m 0 < ∼ 2 TeV naturalness requirement imposes an upper bound of m g < ∼ 140 GeV in the m g ∼ m χ ± 1 boundary region, see Fig. 5 . From Fig. 16 and Table 1 we see that this value of m g can be probed at δ GS = −4.5 with L = 100 pb −1 , provided CDFlike cuts are employed. In contrast, for δ GS = −10, from Fig. 5 m g > ∼ 350 GeV if m 0 = 2 TeV and g g pair production would not be observable even at Tev*.
Turning now to the LHC, the standard cuts employed there in the universal boundary condition model are [16] :
• There are no isolated leptons with E T > 20 GeV, where isolation is defined by requiring that additional E T within ∆R ≤ 0.3 of the lepton be < 5 GeV.
• Transverse sphericity of S T > 0.2.
• E / T > 500 GeV.
• n(jets) ≥ 2 having |η jet | < 3 and E T > 100 GeV using coalescence within ∆R ≤ 0.7. These are ordered according to decreasing p T .
• 30
• for the jet which is closest to the E / T vector.
• E T (j 1 , j 2 ) ≥ 500 GeV.
For these cuts, g g pair production in the O-II model is not observable in any part of the |δ GS | < 10 portion of parameter space appearing in Fig. 16 . Hopefully, this will be cured by weakening the jet cuts. Optimization of the cuts and assessment of the signals is underway and will be presented elsewhere.
Leptonic Signals for g g Production
We have already remarked that if m χ
, then it will be far more difficult to extract a like-sign di-lepton signal for g g production than is the case for universal boundary conditions. The leptons from the χ ± 1 decays will be much softer when ∆mχ 1 is small. A detailed study will be required to determine if any signal survives. We believe it is unlikely that the di-lepton signal can achieve as much discovery reach as the jets + E / T signal.
When m g is close to mχ 1 , there are no other sources of leptons than those from the χ ± 1 's that are present in the g decays. As m g becomes larger than mχ 1 , not only does the jets + E / T signal become increasingly strong, but also additional leptonic signals for g g production emerge deriving from g → jets + χ final state when kinematically allowed. A detailed study is required to determine if the resulting signal for g g production is competitive with the jets + E / T signal. Ultimately, in the very large |δ GS | universal boundary condition limit, the presence of the many cascade decays by which g g production leads to leptons results in a ℓ ± + jets + E / T signal that is stronger than the jets + E / T signal at the LHC [16] .
The Tri-Lepton Signal
We have also performed explicit simulations for the tri-lepton signal at the Tevatron. A summary of current CDF and D0 cuts and results appears in Ref. [17] . In our analysis we consider two sets of cuts. The first set of cuts is that employed by CDF in analyzing their L = 100 pb −1 data set:
• |η(ℓ 1,2,3 )| ≤ 2.5;
• E / T > 15 GeV;
• n(jets) = 0 for jets with E T > 15 GeV;
• events with e + e − or µ + µ − pairs with mass ∼ m Z are vetoed.
The second set of cuts [15] was designed to detect 3ℓ events at luminosities > ∼ 1 fb
(Main Injector and Tev*) in the universal boundary condition scenario. The latter cuts (which we call the 'strong' cuts) are:
• E T (ℓ 1,2,3 ) ≥ 20, 15, 10 GeV, respectively;
• E / T ≥ 25 GeV;
For the CDF cuts the background was taken from Ref. [17] as 0.4 events for L = 100 pb −1 , corresponding to a cross section of σ B = 4 fb. For other luminosities the number of background events was computed as Lσ B . For the second set of cuts, the background was explicitly computed using ISAJET, summing over all important reactions. For both sets of cuts, the 3ℓ signal is deemed observable if there are at least 5 events, S/ √ B ≥ 5 and S/B ≥ 0.2. For either set of cuts, the 3ℓ signature is unobservable for any luminosity unless δ GS is well above the region where ∆mχ 1 is small. At δ GS = −9, the 3ℓ remains unobservable for both sets of cuts at L = 100 fb −1 . For the CDF (strong) cuts, a 3ℓ signal becomes observable at δ GS = −9 for m g values up to 160 GeV (100 GeV) with L = 2 fb −1 and up 210 GeV (160 GeV) with L = 25 fb −1 . The fact that the strong cuts do not allow as much sensitivity to the 3ℓ signal as do the weaker CDF cuts is obviously a result of the fact that the leptons remain soft (as compared to universal boundary condition expectations) in the O-II model out to quite large |δ GS |.
Gluino-Squark and Squark-Squark Pair Production
Production of g q andpairs will occur at a significant rate at the LHC, even for squark masses of 1 TeV or more. These pair production processes would be followed by q → gq decay, leading to final states comprised of g gq and g gqq, respectively. The g's would then decay as we have described. In particular, it is very possible that most of the energy of the g will go into the χ 0 1 . Thus, even though the g's from the q decays would be energetic, the visible jet energy component of the decay need not be large. Further, it will tend to be aligned with the missing energy component due to the large momentum of the g coming from decay of a very heavy q.
Thus, g q production will lead to a final state with a very energetic quark and large missing energy in the opposite direction. Backgrounds to this configuration need to be studied to determine if the signal for such events can be found. (An obvious background is Z + g production in which the Z decays invisibly.) We have not attempted this study here. The→g g → qqE / T + sof t signal for SUSY is not very different than that already considered (see, e.g., Ref. [16] ) forproduction in the case of universal boundary conditions. The final state would consist of of two highly energetic jets along with large E / T , all in different directions; backgrounds will be small, and detection of the signal should be straightforward for m q < ∼ 1.5 to 2 GeV at the LHC [16, 18, 19, 20] . For both g q andproduction, it could be that stop and sbottom squarks would be easiest to trigger on due to the fact that the final states would contain two t's or two b's, respectively. (Note that in g q production with q = t or b, there must be an associated t or b, respectively.) In the case of g q () production, with q = t or b, one (both) of the t's or b's would be very energetic. Vertex b-tagging could be used to isolate the relevant events. A close examination of these signals is warranted.
Implications for Cosmology
One of the attractive features of supersymmetry is that the LSP could provide a natural source for the dark matter that appears to be required by galactic rotational data (requiring Ωh 2 > 0.025) and that would be needed for closure of the universe (Ω = 1); further, Ωh 2 < ∼ 1 is required in order that the universe be at least 10 billion years old. (Here, Ω is the present LSP mass density in units of the critical or closure density, and h is the Hubble constant in units 100 km/(sec·Mpc).) The m χ (6) and (7), and following].
• The near degeneracy m χ
implies (as noted several years ago in Ref. [7] ) similar densities (due to very similar Boltzmann factors) for the χ ± 1 and χ 0 1 at the time of freeze-out, so that co-annihilation between the LSP and the chargino becomes very important and can greatly reduce the expected relic density.
The computation of the relic density is sketched in Appendix B. As well as the χ [7] , we also included the χ
To illustrate the importance of coannihilation, we have plotted Ωh 2 , before and after including co-annihilation, as a function of δ GS (for m 0 = 1 TeV, tan β = 2 and µ < 0) in Fig. 17 . From this figure, we observe that without co-annihilation Ωh 2 is at least 10, and, at smaller |δ GS |, as large as 100, i.e. drastically inconsistent with the fact that the universe is still expanding. After including co-annihilation, we see that Ωh 2 < 1 for |δ GS | < ∼ 10. Indeed, extremely small Ωh 2 values, < ∼ 10 Fig. 17 with the CDF excluded regions in Fig. 16 ; it is roughly 0.8 < ∼ −δ GS < ∼ 9, as indicated in Fig. 17 . (Because of stronger jet cuts and the smaller amount, L = 8 pb −1 , of analyzed data, the currently published D0 analysis only excludes 1 < ∼ −δ GS < ∼ 1.6.) For all but the |δ GS | < 0.6 portion of the −δ GS < ∼ 12 range, m g is such that g g production at the Tevatron could be detected using the CDF cuts and analysis procedures outlined in the preceding section applied to L = 100 pb −1 of data, see Fig. 16 . Thus, for the choices tan β = 2 and m 0 = 1 TeV, it is only for very small |δ GS | that the model can be consistent with an expanding universe if no signal for g g production is found after analyzing Run-Ia+Run-Ib Tevatron data using the CDF procedures employed for Fig. 16 . However, to repeat, small values of |δ GS | will not yield Ωh 2 > ∼ 0.025. The range of δ GS for which 0.025 < ∼ Ωh 2 < ∼ 1, especially the largest allowed |δ GS | value, typically increases with increasing tan β. The regions with 0.025 ≤ Ωh 2 ≤ 1 are plotted in the δ GS -tan β parameter space plane for m 0 = 1 TeV and both signs of µ in Fig. 18 . Typically, only a narrow range of δ GS values satisfies both criteria unless tan β is very large. The lower bound on −δ GS , set by requiring Ωh 2 ≥ 0.025 would not be present if some other explanation for dark matter is assumed to exist. Indeed, for the preferred model values of δ GS = −4, −5 an alternative source of dark matter would be necessary. That is, we simply convert from δ GS to one of the indicated masses. These four sets of contours appear in Fig. 19 . We observe that, for small to moderate tan β values, the upper bounds on the masses set by Ωh 2 < 1 are such that the χ should be observable at LEP-II (keeping in mind that the maximum masses occur for large −δ GS for which ∆mχ 1 is big enough that direct χ + 1 χ − 1 detection should be feasible) and such that g g detection at the Tevatron should be possible. At larger tan β ( > ∼ 5 − 10, depending upon sign(µ)), the masses begin to exceed the reach of LEP-II and the Tevatron. Large masses for the gauginos are also possible if −δ GS is very small. However, as noted already, if we require Ωh 2 > 0.025 then −δ GS can never be small (see Fig. 18 ). Together, the Ωh 2 > 0.025 and Ωh 2 < 1 bounds imply that the gaugino masses must all lie in mass regions that are eminently accessible at the NLC and LHC, and very possibly at LEP-II and the Tevatron.
7 With regard 7 This is not dissimilar to the conclusion that is reached in the case of universal boundary conditions if m 0 is large. There, if m 0 is large enough ( > ∼ 300 GeV) to suppress t-channel annihilation contributions to χ to the higgsino-like chargino and neutralinos, we refer back to Fig. 9 , where the Ωh 2 = 0.025 and 1 contours were given. We observe that if tan β > ∼ 4 − 5 then higgsino discovery at a √ s = 500 GeV e + e − collider will generally be possible for model parameters consistent with 0.025 < ∼ Ωh 2 < ∼ 1. Finally, we note that the Ωh 2 contours are not sensitive to the m 0 value if m 0 > ∼ 200 GeV so that the co-annihilation cross section is mainly determined by the s-channel W pole graph. Thus, even though m 0 could be substantially below 1 TeV for small −δ GS without violating m χ 
Final Remarks and Conclusions
The moduli dominated limit of string SUSY breaking yields a rich phenomenology that differs substantially from that obtained for the usual M U -scale universal so is required. boundary conditions. In this paper we have considered a specific orbifold model (the O-II model) in which the moduli dominated limit can be taken and the M Uscale boundary conditions computed. The model and its phenomenology are determined by tan β (the standard Higgs vacuum expectation value ratio), δ GS (the Green-Schwarz mixing parameter) and the universal scalar mass at M U , m 0 . Theoretically, negative integer values for δ GS in the range |δ GS | < 5 − 6 are preferred. For such values, the gaugino masses at M U , which only arise at one-loop, are very non-universal; universality is approached, but very slowly, as |δ GS | becomes very large. Further, the (one-loop) M U -scale gaugino masses, |M 0 i |, will be very much smaller than m 0 . The non-universality of the gaugino masses at M U implies that it is very possible that the lightest chargino and neutralino will both be SU(2) gauginos and, therefore, approximately degenerate, m χ > ∼ m Z /2, as required by LEP data. When m 0 is large, squarks, sleptons and heavy Higgs bosons will be very massive. Further, correct electroweak symmetry breaking implies that µ will be large. Thus, the most accessible SUSY signals will be those deriving from gaugino ( g, χ (due to the large value of |µ| predicted), imply that only at the NLC can one hope for substantial numbers of neutralino and chargino pair events other than the difficult to detect χ
(as for theoretically preferred model parameters), g g production will be more difficult to detect at both the Tevatron and the LHC due to the softness of the jets in g decay. Weak jet cuts must be employed, implying large background and difficulty in achieving adequate S/B.
• If m g is not nearly degenerate with m χ
, g g discovery in the jets+E / T channel (using weak jets cuts) at the Tevatron/Tev* could be easier than observation of neutralino and chargino pair production at a √ s = 500 GeV NLC.
• Detection of g g production at the LHC will require significant alterations in the cuts currently employed.
• If m χ
, the degeneracy will be manifest at a hadron collider as an absence of like-sign dilepton signals for g g production and of tri-lepton signals for χ • If δ GS is chosen as a function of tan β so that 0.025 < ∼ Ωh 2 < ∼ 1, then for moderate tan β the g, χ 
Appendix A: Chargino Decays
In this Appendix we discuss the calculation of the partial widths for leptonic and hadronic chargino decays for small mass splitting between the chargino and the lightest neutralino. We saw in Fig. 4 that even after inclusion of 1-loop radiative corrections [7, 8] this mass difference can be as small as 150 MeV. Standard expressions forχ ± 1 →χ 0 1 ff ′ are not applicable for such small mass differences, since they assume the final state fermions f andf ′ to be massless. Moreover, hadronic decays can only be described by perturbative QCD if the mass difference exceeds one or two GeV.
Allowing a finite mass for the standard model fermions produced in chargino decays is straightforward. First, we can ignore sfermion and charged Higgs exchange diagrams, since these particles are very heavy, and theχ
1 W coupling is maximal in the relevant limit where both the chargino and the neutralino are almost pure SU(2) gauginos. Further, we actually only need to keep the mass of one of the two SM fermions; the other one is either much lighter (as for f = c, f ′ = s) or exactly massless (for f = l, f ′ = ν l ). The result can be written as:
In the limit where bothχ
As mentioned earlier, Eq. (A.1) can only describe hadronicχ ± 1 decays if the chargino-neutralino mass difference ∆mχ is sufficiently large. For ∆mχ < 1 to 2 GeV one instead has to explicitly sum over exclusive hadronic final states. Fortunately much work on the related case of semi-leptonic τ decays has already been done. We adopt the formalism developed in Ref. [23] .
As already stated in the main text, the partial width for the simplest hadronic decay,χ
1 , is tiny; it only proceeds through the axial vector coupling
, which is very small for small ∆mχ. The partial width into final states with 3 pions is suppressed for the same reason. Partial widths into final states containing kaons are suppressed by a factor of sin 2 θ c ≃ 1/20. For our purposes it is therefore sufficient to only include the decayχ
The partial width can be written as [23] Γ(χ The form factor F (q 2 ) is dominated by the ρ and ρ ′ meson poles:
Here BW stands for a Breit-Wigner pole: 1 decays as long as it predicts a larger partial width than Eq. (A.1) does; we use a constituent-type effective mass for the d−quark of 500 MeV in our calculation (recall that we assume m u = 0; using a single large constituent mass to describe the kinematics should be sufficient for us). Fig. 6 shows that this prescription implies a switch-over from Eq. (A.2) to Eq. (A.1) at ∆mχ ≃ 2 GeV.
Appendix B: The LSP Relic Density
Our calculation of the present mass density of LSP's left over from the Big Bang follows the treatment of Ref. [24] . The physical picture is that the LSP remains in thermal equilibrium until the Universe has cooled to the temperature T F where the LSP "freezes out". At lower temperatures essentially no further LSP's are produced, but occasionally two of them still annihilate into standard model particles, thereby reducing the relic density. In our case we have to deal with the additional complication [7] that the LSP might be almost degenerate in mass with the lightest chargino. In this case reactions that convert a neutralino into a chargino or vice versa, such asχ 0 1 + f ↔χ ± 1 + f ′ , remain in thermal equilibrium long after the LSP density itself has dropped out of equilibrium. The reason is that the rate for such conversion reactions is proportional to the product of the small LSP density and a large density of some SM fermion, whereas the rate for LSP annihilation processes is proportional to the square of the small LSP relic density. The chargino density is therefore simply given by the neutralino density times a Boltzmann factor. One can then include co-annihilation effects by means of an effective LSP annihilation cross section.
Following Ref. [24] , we first define the effective number of LSP degrees of freedom, g eff = 2 + 4 (1 + ∆χ) One factor of two arises because of the larger number of chargino degrees of freedom, and another factor of two appears because here the initial state contains two different particles [24] . In principle we should also add terms forχ 2) are sufficient to reduce the relic density to a value that is too small to be of cosmological significance if the chargino-neutralino mass splitting is small, see Fig. 16 ; the exact value of the relic density is then of little interest. The relic density only reaches significant levels if the Boltzmann factor is already much smaller than 1. In this case the terms we have omitted are very small, since they are suppressed by the square of this factor.
Numerically, freeze-out occurs ar x = x F ≃ 20. Since x F ≫ 1, the LSP's and charginos are quite nonrelativistic when they drop out of thermal equilibrium. Fur-ther, the low freeze-out temperature means that the co-annihilation contribution to the effective cross section (B.2) starts to become suppressed if the LSP-chargino mass difference exceeds a few percent. Nevertheless in our case the second term remains dominant out to quite large mass splittings, because theχ + coupling is near its maximum in our case.
We computed the first term in Eq. (B.2) including the full set of 2-body final states treated in Ref. [25] . We used the usual nonrelativistic expansion of the cross sections in most cases, but treated the thermal average over Breit-Wigner factors due to s−channel exchange of Higgs and Z bosons more carefully [24] , using a numerical method developed in Ref. [26] . In the second term of Eq. (B.2) we only included ff ′ and W γ final states, where f and f ′ are light SM fermions, whose masses we neglected. Since sfermions as well as the charged Higgs bosons are very heavy in the model we are studying, we only included contributions from the exchange of W bosons and (for the W γ final state) the light chargino. As discussed in the main text, present experimental bounds imply that mχ− 2 . Notice that, following Ref. [25] , we are working in a convention where the neutralino mixing matrix is real; in that case we must allow the neutralino masses to have either sign, and η in Eq. (B.3) is the sign of m 0 . The chargino masses can always chosen to be positive even if we take the chargino mixing matrices to be real. Finally, γ W = E W /m W = (s + m 
